Growth of Escherichia coli K12 cultivated in minimal medium was strongly inhibited by 2 mMcyanate. This inhibition could be specifically reversed by arginine. Citrulline (but not ornithine, N-a-acetylornithine or N-acetylglutamate) could also restore a normal growth rate. Since growth inhibition by cyanate was followed by an accumulation of ornithine within the cell it was concluded that cyanate specifically inhibits the formation of citrulline from ornithine. The effect of cyanate on the growth of defined strains was consistent with a specific inhibition of carbamoylphosphate synthase. A kinetic study of carbamoylphosphate synthase and ornithine carbamoyltransferase in vitro supported this conclusion. Since carbamoylphosphate is probably the only source of endogenous cyanate it is postulated that carbamoylphosphate synthase activity can be regulated by cyanate resulting from the dissociation of carbamoylphosphate in metabolic circumstances leading to its overproduction.
was purified according to ; the preparation consisted of the 40-90% saturation ammonium sulphate precipitate dissolved in 50 mM-potassium phosphate buffer containing 0.5 mM-MgEDTA (pH 7-5) and dialysed overnight against the same buffer. Such preparations contained at least 30000 units ml-' and were free of CPSase activity. Aspartate carbamoyltransferase (ACTase; EC 2.1.3.2). ACTase activity was estimated according to Gerhart & Pardee (1962) . Carbamoylaspartate values were corrected in each assay for the spontaneous carbamoylation of aspartate by cyanate introduced in the assay medium or originating from dissociation of CP.
Enzyme units. One unit of enzyme activity is the amount of enzyme which catalyses the formation of 1 pmol product h-I . Specific activities are expressed as units (mg protein)-'. Protein in cell extracts was estimated by the biuret method; protein in cell cultures was estimated from ODsT5 measurements (an OD575 of 0.5 corresponded to 0.17 mg protein ml-I).
R E S U L T S
Nature of the metabolic step blocked by cyanate We observed that growth of E. coli was inhibited by cyanate more strongly in minimal medium that in L broth (see the preceding paper: Guilloton & Karst, 1987) . This different behaviour could be due to the presence in L broth of molecules which specifically prevent cyanate inhibition. In a preliminary study we analysed the effects of various metabolites (amino acids, purines and pyrimidines) on this growth inhibition on solid minimal medium supplemented with cyanate. We found that growth was restored specifically by arginine. Fig. 1 shows that arginine allowed strain R5 to grow at a fairly normal rate after addition of 2 mM-KNCO; this concentration of cyanate strongly inhibits cell growth and cyanase synthesis in non-supplemented minimal medium (Guilloton & Karst, 1987) . Arginine could be replaced by citrulline but not by ornithine, N-a-acetylornithine or N-acetylglutamate. By means of automated amino acid analysis we observed that the growth inhibition effected by 2 mwcyanate induced a very large increase in the cellular ornithine pool. Cyanate inhibition was thus suspected to be due to a specific inhibition of the formation of citrulline from ornithine. However, OCTase activity was found to be insensitive to cyanate in vitro (see below). The effect of cyanate on the physiology of E. coli had therefore to be understood on the basis of other metabolic interferences such as a decreased availability of CP.
The production of CP for the arginine and pyrimidine biosynthetic pathways in E. coli is achieved by a single CPSase (Fig. 2) . This enzyme is encoded by the two adjacent genes, carA and carB (Mergeay et al., 1974) , which form an operon. Although mutations in the carAB locus generally lead to a double auxotrophy for arginine and uracil, some CPSase mutants behave as arginine bradytrophs (Mergeay et al., 1974) or auxotrophs (Bolivar et al., 1976) . Such mutants have also been described in E. coli B/r (Abd el a1 et al., 1969) and in Salmonella typhimurium (Abd el a1 et al., 1978) . It was also reported that arginine bradytrophy could be a consequence of mutations in genes whose expression is required for CPSase synthesis (Bussey & Ingraham, 1982; Neuhard et al., 1982) . On the other hand CPSase from E. coli can be inhibited in vitro by cyanate (Anderson et al., 1973) . Cyanate reacts specifically with a SH group required for glutamine binding and deamidation (Anderson & Carlson, 1975) . It was thus of interest to investigate the interaction of cyanate with arginine and pyrimidine biosynthetic pathways.
E,tf;ct qf'cyanate, arginine and uracil on the physiology of' strain BGM 023 Mutant strain BGM 023 (cnt3) was chosen to study the effect of cyanate on cell physiology. This strain (derived from strain R5) lacks inducible cyanase and thus does not hydrolyse added cyanate. Fig. 3 shows the effects of cyanate (1 and 2 mM) on growth of strain BGM 023 and its Table 3. interaction with arginine (100 pg ml-I) and uracil (50 pg ml-I). The doubling time (g) of strain BGM 023 in minimal medium was 54-55 min. Addition of 1 mM-KNCO to exponentially growing cultures moderately inhibited growth (Fig. 3a) . After transient inhibition a stable g value of 130 min could be observed. Arginine partially abolished cyanate inhibition (g = 78 rnin). Uracil induced a progressive enhancement of inhibition; 30 rnin after addition of uracil and cyanate a stable g value of 300 rnin could be observed. Addition of both uracil and arginine virtually abolished cyanate inhibition (g = 66 min). In the presence of 2 mM-KNCO, growth was strongly inhibited (g = 429 min) (Fig. 3 6) . A partial restoration of growth could be obtained with arginine (g = 1 14 min). Addition of both arginine and uracil allowed cells to grow at a higher rate (g = 85 min). Uracil alone had little effect (g = 437 min).
These results confirm that arginine reactivates cyanate-inhibited growth. Addition of uracil resulted in a rather complex set of interactions, depending on the concentration of cyanate. Moderate inhibition of growth by 1 mM-KNCO was enhanced by uracil, but addition of both uracil and arginine resulted in a stronger reactivation of growth than did addition of arginine alone. These effects could be interpreted as the consequences of an inhibition by cyanate of both arginine and pyrimidine biosynthesis at the level of CPSase. Uracil added to cultures of E. coli is readily converted by UMP pyrophosphorylase (O'Donovan & Neuhard, 1970; PiCrard et al., 1972) into UMP, which effects feedback inhibition of CPSase (PiCrard et al., 1965). Since UMP binds to the heavy subunit of CPSase (Trotta et al., 1971) and cyanate reacts with the light subunit (Anderson & Carlson, 1975) , a cumulative effect of UMP and cyanate on CPSase could result in a stronger inhibition of CP formation and in a shortage of CP for arginine biosynthesis. addition the specific activities had increased by factors of 7-5 and 17, respectively (Fig. 4) . The assay of CPSase showed that this enzyme was also subject to derepression (1.3 units mg-I vs 0-65 units mg-l 1 h after cyanate addition). These results show that both pyrimidine and arginine biosynthetic pathways are inhibited by cyanate.
Decreased arginine requirement produced by argR mutation or CPSase ampliJication Since the arginine requirement of strain BGM 023 in the presence of cyanate was probably caused by a decreased availability of CP for the reaction catalysed by OCTase, enhancement of CPSase or OCTase might reduce the cyanate inhibition of growth. In order to obtain isogenic strains with enhanced CPSase or OCTase activities, strain BGM 023 was genetically modified as described in Methods. Strain BGM 171 is an argR mutant of BGM 023 and strain BGM 186 is a carB8 derivative of BGM 023 harbouring plasmid pMC40 (carAB+). Specific activities of OCTase and CPSase in these strains are presented in Table 2 . It should be noted that argR mutation derepresses OCTase and, to a lesser extent, CPSase. This derepression can be accounted for by the participation of the arginine repressor in the repression of CPSase in wildtype strains (Pikrard et al., 1976) . On the other hand, amplification of CPSase in strain BGM 186 harbouring plasmid pMC40 (carAB+) slightly derepresses OCTase. Growth of these modified strains was tested in the presence of 1 mM-and 2 mM-KNCO and the influence of arginine and uracil was determined (Table 3) . Firstly, both strains showed reduced sensitivity to cyanate. Secondly, the uracil sensitivity induced by 1 mM-KNCO in strain BGM 023 was no longer obtained in its isogenic derivatives BGM 171 and BGM 186. Some differences between these two strains can be pointed out. Uracil induced a marked growth reactivation of strain BGM 171 (argR) in the presence of 2mM-KNCO; this behaviour may be interpreted as the consequence of a cyanate inhibition of pyrimidine biosynthesis. On the other hand strain BGM 186 was less sensitive to cyanate than strain BGM 171; thus it can be assumed that amplification of CPSase is more efficient than derepression of arginine biosynthesis in the reduction of cyanate sensitivity. Hence these results are in agreement with a specific inhibition of CPSase by cyanate in viuo.
Absence ojspec fic cyanate inhibition ojpyrimidine biosynthesis in a mutant using citrulline as a source o j CP carB8 strains are double auxotrophs for arginine and uracil. They possess no detectable CPSase activity (Mergeay et al., 1974) since they bear the extensive carB8 deletion which represents approximately 75% of the carB gene (Crabeel et al., 1980) . Legrain et al. (1976) described the isolation of carB8 strains able to grow on citrulline-supplemented medium. In such mutant strains CP is produced by phosphorolysis of citrulline, the reverse reaction of OCTase. Citrulline-utilizing strains show derepressed levels of OCTase and belong to various classes of mutants : argG bradytrophs or strains in which synthesis of OCTase is specifically derepressed . Strain BGM 180 (carB8cnt3) was plated on minimal medium supplemented with L-citrulline (2 mg ml-); spontaneous citrulline-utilizing mutants appeared at a frequency of lo-'. Specific activity of OCTase and ACTase in one of these mutants, BGM 209, was measured; Table 2 shows that the two enzyme activities were derepressed by factors of 9 and 21, respectively. The effect of 2 mM-KNCO on the growth rate of BGM 209 was then tested. The results ( Table 3 b) showed that this strain has reduced sensitivity to cyanate and that the generation time is identical in the presence of 2 mM-KNCO or 2 mM-KNCO + uracil (50 pg ml-*). This result suggests very strongly that the growth inhibition induced by cyanate in other strains is the consequence of an inhibition of CPSase.
In vitro inhibition of CPSase activity by cyanate
CPSase inhibition has been observed with 9 mM-KNCO (67% inhibition) and 18 mM-KNCO (86% inhibition) in the presence of 5 mw-glutamine (Anderson & Carlson, 1975) . Since these concentrations of cyanate are far above those used in this study it was of interest to know whether CPSase activity could be inhibited by cyanate in the 2 mM range. The effect of cyanate on CPSase activity was tested in the presence of 0.5 mwglutamine, a concentration near the K , value (PiCrard & Wiame, 1964) (Fig. 5) . Cyanate inhibition proceeded gradually: 2 mM-KNCO inhibited CPSase by 50% within 3 min. The relatively long-lasting pre-steady-state of cyanate inhibition is caused by the slowness of carbamoyl-CPSase formation and dissociation compared with the rapid equilibrium characterizing the glutamine-CPSase complex (Anderson & Carlson, 1975) . It is noteworthy that CPSase activity was assayed in the presence of 10 mMornithine. Thus, the presence of this allosteric activator does not prevent CPSase inhibition.
Kinetics of OCTase in the presence of cyanate
The results presented in this study are consistent with CPSase inhibition by cyanate. However, they do not exclude the possibility of an inhibition of citrulline formation by OCTase as well. The saturation kinetics of OCTase activity in a cell-free extract of BGM 023 was followed as a function of ornithine in the absence or presence of 2mM-KNCO and in the presence of 0.1 mM-CP (non-saturating concentration). Cyanate did not modify the saturation of the enzyme by ornithine. This study was repeated in the presence of a saturating concentration of CP (2 mM); again no cyanate inhibition was observed.
It has been reported that zinc(I1) inhibits OCTase activity and that saturation kinetics as a function of ornithine exhibits a positive cooperativity (Kuo et al., 1982) . The above kinetic experiments were repeated in the presence of 0-4mM-zinc acetate (see Methods). Zinc did inhibit OCTase activity but, in our hands, the saturation kinetics remained strictly Michaelian; graphical analysis indicated a competition between zinc and ornithine. Cyanate (2 mM) did not afford an additional inhibition.
Identical kinetic results were obtained with a partially purified preparation of OCTase [specific activity 12500 units (mg protein)-'] obtained from strain CSH 73 (carB8 argR). Thus it seems unlikely that OCTase is inhibited by cyanate in vivo.
DISCUSSION
The results presented here are consistent with a specific inhibition of CPSase by cyanate added to cultures of E. coli; this inhibition leads to an inhibition of arginine biosynthesis. Since cyanate-mediated inhibition leads to an arginine requirement, it is likely that a shortage of CP is more critical for arginine than for pyrimidine biosynthesis.
Effects of cyanate on the kinetic properties of another enzyme of CP metabolism have been reported. Nelbach (1972) found that prolonged incubation of purified ACTase with high concentrations of CP led to a carbamoylated enzyme, still active but no longer regulated by CTP or ATP. She also reported that carbamoylation was effected by cyanate originating from dissociation of CP. We investigated this enzyme modification since a desensitization of ACTase might induce a metabolic deviation of CP towards pyrimidine biosynthesis and thus lead to a reduced availability of CP for arginine biosynthesis. A partially purified preparation of ACTase from BGM 023 was incubated for 30 min at 37 "C with various concentrations of cyanate. Incubation with cyanate caused a slight decrease in for aspartate, and also decreased the allosteric activation by ATP and inhibition by CTP. Nonetheless these effects were obtained with relatively high concentrations of cyanate (e.g. 10 mM). Therefore it seems unlikely that such a modification of the kinetic properties of ACTase can actually induce by itself the observed requirement for arginine or citrulline.
The growth of Lactobacillus arabinosus and Streptococcus lactis is inhibited by carbamoyl compounds such as CP (Ravel et al., 1957) and S-carbamoylcysteine (Ravel et al., 1958) ; this growth inhibition can be reversed by arginine and citrulline but not by ornithine. CP and carbamoylcysteine are unstable compounds which dissociate readily in dilute solutions; the halflife of CP is 38 min at 37 "C (Allen & Jones, 1964) and this compound dissociates into inorganic phosphate and cyanate. Carbamoylcysteine is unstable at pH > 6 and dissociates into cysteine and cyanate with a half-life of approximately 92 min at 30 "C (Stark, 1964) . Besides a specific action of CP or carbamoyl-cysteine themselves on the micro-organisms, an action of cyanate originating from dissociation of these compounds was therefore highly probable. The long duration of these experiments (27 h) allowed a complete dissociation of these carbamoyl compounds, as discussed by Stark (1 964) in the case of carbamoylcysteine. It is thus likely that in L. arabinosus and S . lactis, as in E . coli, CPSase is the specific target of cyanate.
Taking the above results into account, we propose that endogenous cyanate, arising from spontaneous dissociation of carbamoyl compounds, could participate in CPSase regulation. Among the carbamoyl compounds encountered in the metabolism of E. coli, citrulline and carbamoylaspartate are stable molecules, and urea (synthesized during growth of E. coli: Morris & Koffron, 1967) dissociates very slowly and to a limited extent (Marier & Rose, 1964) . Thus CP is probably the only carbamoyl compound which can give rise to endogenous cyanate. The existence of a pool of CP implies cyanate formation in vivo. On the other hand our observations showed that CP biosynthesis is a specific target of cyanate. We propose that CPSase is subject in vivo to a 'by-product' regulation mechanism in which cyanate originating from the dissociation of CP exerts a reversible inhibition of the enzyme. This inhibition would be essentially effective in the regulation of arginine biosynthesis. This regulation mechanism would provide the cell with an energy-saving device depending on cellular CP level, which would modulate the allosteric regulation of CPSase by UMP (inhibitor) (PiCrard et al., 1965) , ornithine (antagonistic activator) (PiCrard, 1966) , and purine nucleotides (allosteric activators) (Anderson & Meister, 1966) . Direct evidence for the proposed mechanism will require a reliable and sensitive assay of endogenous cyanate in bacteria.
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